UNCLASSIFIED 


,, 408 000 


DEFENSE DOCUMENTATION CENTER 


FOR 
SCIENTIFIC AND TECHNICAL INFORMATION 


CAMERON STATION, ALEXANDRIA, VIRGINIA 


UNCLASSIFIED 


NOTICE: When government or other drawings, speci- 
fications or other data are used for any purpose 
other than in connection with a definitely related 
government procurement operation, the U. S. 
Government thereby incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govem- 
ment may have formated, furnished, or in any way 
supplied the said drawings, specifications, or other 
data is not to be regarded by implication or other- 
wise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any 
patented invention that may in any way be related 
thereto. 


=< I & G2 


GY LEO RENTS 


I thank my adviser Professor 1. Cariton Brom tor 
hig patient guidanee during the couse of this researeh 
and throughout ay graduate training. I am grateful to 
frofeasor Dailey 'ilidanms for his interest and ewouregement 
during my graduate treining. J would elao like to thank 
irofeasor Janas i. Gaines for his helpful consultations 
during the research program ani while prepering the 
MARIBOR LG « 

*inaneiel support for the experi.ental sspects of 
thin study were provided in part by the United States Air 
#ores offioe of uctentiCic Research ant the Onio State 
Uniwereicy iesearch faumdation. = am eapectally graveful 
2 he Unived Staves aly Foree for spomsoring we during wy 
entire graduate training. 


ai 


COMTENTS 


Chapter 


Xe 
pe a 


So 


iV. 
Vs 
Vi « 


INTRODUCTION wenccccnvnevscurennenesvenesesens 
THSORY 

oe dloch ihenomenologieal Squathoas eocsousces 
Q. Mpin-lettice Helaxetion :rogenmem cecascves 
ve Bpin-latsies Helazation and Enigh®s shits .. 
R» Line Width and tpin-spin delaxation 


SPOGCBHOR cavecreeseseseascrsicecsveaueneee 
im ULEMENT ARD EXYERIMENTAL i KOCEDURE 
aoe EQGRAPWONE cececscvensaebeveernunevevereecten 
the onyperivental MECHA caesaceveavevesateacers 
Va GAMDIGM sccesenncnserssenbeersetererenenens 
REGUL OF BX: SAYS NTS seoeeseesesacseernneeee 
DY SCUSSI OW OF RESULTS *HHSHECHEE RHE SHH EHE REDE 


SOMERY 
aU Bleed EHORSHHREHEERSEERHEHCESKRHEEE KC OH RERAEBRAEDAHOBED 


BEBE OGRE cm een ace ea see e eae ber ee ee aeasvesecusesece 
XUPOBT SEAL HE coe cme te ee ee heehee Eee este abeeestreshes 


411 


tage 


15 


uF 


Table rage 
1. Comparison of Line Widths and t, of Me”? 4.0... 47 
x. Comparison of Relative susceptibilities wescewe 56 
3. Couperieon of Line Widths, 7,, and T, af Re . 58 


iy 


ILLUSTRA TLONS 


Line Width of Ma"? at 11.9 WO/® ccscncccesseses 
Line Wideh of Ka”? at $03 MO/M cvnccenecenecuss 
Absorption Spectrua of Na?3 av 11.9 Ho/® cesees 
Relaxation Tass of Ne’? at 363 Ma/M csecceress 
Helexation Sims of ia”? Br LL.D HO/m sesecsres 
elexation Maes of Frovan in Alkylate secseses 
Relaxation Times of Provom in cadLum cccencauss 
Lane Width of Reo! at 11.9 WO/m cocsceccceseves 


85 


Lane Width of Rb at 3.3 MG/M ccccescanenewees 


=— “UI €& EGP 


CHAYTER I 
INTRODUCTION 


In addition to possessing an electrostatic charge, 
some nuclei alec possess & magnetic wouwent. A study of 
nuclear wagnetic resonance 1s in essence a study of the 
local magnetic environaent of a awlesular system by means 
of the magnetic properties of the nuclei. The local 
mamesic Steld at a nuclear site ia detersined by a munber 
of factors such as scxwening due to orbital motion of 
electrons, presence and action of electronic and nuclear 
mepnetic womnte within and onteide the molecule containing 
the nucleus, and molecular motions. Therefore NAR has been 
usei to investigate such properties as the structure and 
motions of molecules ant the chemical envirceent of nuelet. 

When NNR ie used to atudy the properties of 
comdiucting materials, two muin differences are found 
between the behavior of canductors and non-conductors. 
Both of these ariae from the action of conmixerion 
electron. 

Kecause metals are comiuctors, the penetration of 
the metal by the redio frequency magnetic Meld is lint ted 
by the skin depth of the metal. Therefore, if large 

L 
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2 
pleses of the metal are used, only those nugiel near the 
surface will be exaited by the redio trequensy magnetic 
field anil che remilting HAK signal will be weak, This 
difficulty wey be alleviated by using a suspension af 
finely-~divided particles whose dimensions are small 
compared wich the akin depth. In wpive of this difficulty, 
tive Sizes, dbaervmnion of a weaoname aignal in a metal was 
made by vouna* in 1980. He correctly identified som 


dn. Ve Found, tage. Hove 73, 1122 (1946). 


Spurious resonances be obserwed in his spectrometer as dus 
9 Gu"? and cu? tn che copper wire of his reeetver cotl. 
The secoml main differesse between metals and nome 
wetels «arises Troe the magnetic interaction between the 
nuolel and the corduetion eleetronsa. This inveraetion has 
two iaspoxtant effects. It prewides the dominant eethaniaon 
for apin~lattice relaxetion and alec produces a shifts in 
the resonance frequency of the nucleus relative to ites 
raeonance frequency in a non-setallic saterial. Knigne® 


“i. Us Xatght, Pye. kewe 76, 1259 (1949). 


‘iiacoversd that the resonance frequency in weteis is 
higher then for nuclei of the sam isotope iA on 
insulating material subjected to the sams externa) 
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3 
wagnesic field. Vouner” showed that this effecs was eqused 


de, a, o, ©. derring, and \. D. XMitignt, Pays. 
ev. TL, 852 (1959). . : 


by the local mugeette fields produced by the conduetion 
#18C TOE « 
Gurowaky" weanmured the line width of matallic 


As, de Gueewaky, Fhys. Rev. 83, LOTS (1951). 


sotime an a fumetion of temperature. de observed that the 
line width at low temperatures (77°) could be explained 
i che basis of dipolar intexssotions in ae rigid lstrisce. 
opie narrowing of the line was obeerved to begin at a 
temperature of appresimately 1.-2°%. Yee width of the 
resonance vas observed to centinu: decreasing with 
irmeressings temperature watil if antcined = comatant width 
of 3.2. pause, the liadt of yeaolution of the spectrasearer, 
in tha range 259° co 300%. Gutowsky” also measured sie 


“4, ie Gutowaky and 8. BR. NeGervey, J. Chem. Faye. 
22, fe (192). 


Line width of 11! and fount # sixilar veapererure 
depentenme, <agein the line width at high temperatures was 
determined by the resolution of the spectromsher. 

Holdomb and Norberg’ measured *,, the spin-levvise 


“ny, #s Holeomb and Ko %< Norberg, Phys. fev. 32, 
197% (1965). 
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§ 
welaxavion time, and T., the apin-epin relazation tie, in 
we®3, ia", 1307, ne8, ant ap’? an a tunetion of Terme tere 
by the spin echo cachnique due to Mann! and Car and 


4g. Le Hadm, hye. Aew. 82, 587 (1959). 


fi 
iureell.’ They observed a euiden decrease in t, for ne®5, 


“He Ye Care and be Ke lureell, vhyn. Hews gh, 639 
(4954)« 


14°, and Li! when the wetele anloei. ecause 7, ie 
inversely proportioned to the line wifith, tha decrecse in 
“q 2erenporde <0 @ broadening of the absorption Line. The 
decrease in > Spa melsing ie conimry oo Wher ane vould 
expect unless then ocre observed an acesupenying decrease 
in Sy« 4 onepesponiin, ty eaiden Cecrenm in 4 wae mot 
ohme xed « 

the subject of the present inventigarion hes been 
a Rugleay wagretic sesonence acadiy of the velaxation tions 
Py axl on ant of the absorption apeerm of ceo wetela, 
activa aed rubidiusa. “he velexation tises bave been 
weamured by pulse techniques ami the absorption aspect 
have teen examined on 6 high reselurion specrromever. 
weaworewents baw heen wade with faprows resolution below 
ang abewe the writing pointa of the astale in omer to 
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inveatigare further the anomalous behavior of the line 
width of sodiua upon melting, A primary goal of the atudy 
has heen +o try to Mind « plausible explanation of this 
behavior, 
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QHAY TER IT 
PHSORT 


As Bloch phanosenclogieal equations 

Th thie discussion the @pin syscem will refer to 
the nuclear asenetcic somente weler consideration. he 
latviow will conaies of she physical system in whieh the 
spin apasen Le embedded (ateust, molecules, solids, licuwlds, 
and gases), Uomsider a apin system so be placed in a 
Strong, conitant external magnetic SLeld B. Sirectet 
alomg the positive © axis. It is obwerwed thet the 
macroscopic wignetiganion per uit volume i res 
exponentially in the direction of the « axis aecomiing to 


the equation 
=a -e (2) 

whens 4, 16 the magnetiaation per walt volume of the spin 
wyeten when the apin syaten ie in equiithriue with ite 
lattice. “She longitudinal yelaxation tine t is the 
sharccteriasio time of the exponential growth funetion 
and will laser be identified with spin-lattiee relaxation 
mec hand sas. 

Lf & iw disverbed trom its equilibriun posttion, 


then chere way exist eamponenta af x in the A¥-plane. 
ty 


<< 95 © Ge 


Ybeervavion shows that the M, and Hy components tend to 
deeay at an exponential rave ty whieh is alwaye iess than 
or equal co 7,. The trenaverse relaxation time 1, will 
Laver be identified with spin-spin relaxation aechaninm. 


Blown” developed a se: of phenomenological 


7%. Blooh, Faye. Reve 72, 362 (1986). 


equations ci deasribe the observed phencamon. fie 
meeulte of Hloch's work are yevlewed at thia point. The 
mane ties tion and angular sowntua of she Spin syetenm are 
related by the expreaeici na VE where J ia the 
wyromgnesic ratio and t ie the engulex nombatun per unt 
volume of the spin system. lhe equation of motion of the 
spin syaten ia 

Sis Y(nx 8). (2) 


in woet Wat experteenite the exelting radis 

Prequescy wmagnetia field fe « linear, oselliating Sield 
given by &. 2 2hycos wt where W ie the angular frequensy. 
Tate Mela can be desompomed into two rotating coupanents. 
Only the rotating ceagenent In phase vith the precessing hi 
ta effective, in fires omer, in prodweing resonanse, 
Hence the totel Meld effeetive in NHK haa the componente 

BE (Byeoswt, 7 Byainwt, B,) (3) 
Sq. (3) 1 suberisuted inte Sq. (2), the damping tore Ty 
ami Tz, ave lasrotuced, aml a reteting cooniinate ayaven 18 
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selected. the U-V fram is selected to rotane about the Z 
axia at the angular frequency of the xrorating magnetic 
Cield W. 8, ie ehosen to be directed slong the U axis. 
After the algebraie details are carried out » che following 
wes of equations te obtained: 


“ ce om | 

Hy AW, W Dihy > (Aa) 

x ity + (W, > W Jy ~ /¥1B yA, “37 (¥t) 

by I31Byiy ® = “By (40) 
vaere W, = (Sl 5, 

The seehnigue of slow pessage Was weed to observe 
the line wideha in thte investigation. Under the conditions 
of slow paseage the time of passape through resmence is 
Long compared with the relawation times 7, and T,. In this 
vaee dig Hage are ty exe slmoat cero ani can be negledsed 
compared tO the other term: in oq. (4). Then the 
components of msgnetization in the rotating freee are 
obtained an solutions of the vemilting equations: 


ne a, LEPC, = Ww) 

7 *5 + (ww, ~ W) (sa) 
+4. _[vIByte ” 
" "n+ HW, “« W) (oe) 

| 1+ Te(W, - W)* 
eee ee ETE = 


a, “ae Co a 


9 
where part (/%] B, )°1,2,. Under the comiitions of slow 
peasege 3, is very sali #0 thet D 71, Shen she above 
comdiitions are fulfilled, Bq. (Sa) representa the dispersive 
moda andi Bq. (5b) represents the absorptive mote of the 
RM Signal. Kith the eroseei-coll decaction technique it 
Le possible to suppreas one mode and cheerve the signe) 
produced primarily by the other mode. Hore that the 
abaeorpyion care predused by the VY«-mode has « Lorentatian 
line shape ond a width ot healf-mexieua amplitude siven by 


Awsk.. (&)} 
4 


8. Spin-latteice relaxation provesanr 

the spin<larcice relaxation sine oy vas Intexiuced 
inks the Blech equations a8 «2 damping ters. spin-lattice 
Yelexation 18 a process in which an intermction sakes 
Piace between aagnetic moments and saoledular motions or 
jactice vibrations. The xesul: of this intermetion is 
that the nuclesxy moments make trensitiona +6 energetically 
preverrved spin orientations. fhe connection hetween 1, 
ank transition probability can be sean if the case of a 
sysven of nuclear spins with spin angular somentvan I * 
is sonnidared «*” Xf the syeten ia enbedded in « Recetas 


I 2, Andvew 
Casbricige: The Coubrid ge eet poet oar, Hoang. 7698, coup 


external magnetic field, two energy ievelse will be 
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49 
eavablighed. %“ uhetanl equilftbrtum by the pring. ple of 
Ceveat let valentine 

walig® 1. 4Ny (7) 
where Wo i8 the duaber of mping in ce Lower lew, Hy a8 
the mumber af sping ia the upper lewel, *, le the 
probebiiizcy per unis cia for upwast cranaitione, and Wy 
L& she prokabiliicy yrr writ tice Cor dowwert trenetcdons. 
in themai equiliorius d, and A, axe related by the 
a0Loemwinn factor 


Was exp |EuMa] #1 + Are (F) 
where She approxiumtion ie valid for k?>>7 “B,. In Sq. (6) 
ia Ube umapniicude of the wageetic somes of the nusleue 
ani 2, i8 the wapgiiinde of che exterial wagietio tleld. 
By substiouting aq. (7) ante mq. (2) we obtain 


ig j2+ a {ijm } 
Wy # [ . a (Je) 


where > in the meen of Wo and Wy. me 
Consider the case in whieh the spin syaven has been 
disturbed fron ita equilibriua configurasion so shat the 
energy levels ere ne icnger populaved sesarding to the 
Boltemann distribution. During the time the driving 
Gleetromgmtic field ia applied, there are ovo competing 
processes taking plsce: relaxation preessees whieh rend 
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12 
to establish the populations acsariing to the Soltsmem 
disewriburion and the candensy of the driving Meld to 
destroy the Bolesenn distriburion. Afver the driving 
Pell has been remoreat, the spin syeten will return to 
equilibetuna accorting to the following rate equation 

* = 2dgWy ~ BigNe (2.9) 
vhere n * Xo ~ N, = exceas nusber of nuclet per eubla 
oentimetrer in the lower energy stata. Upon substi tueing 
fron Bq. 6), che reauls is 


¥ 


n= a(n, +n) (11) 
wheve 6. 7 8 canh aoe te the value of n when the spin 
wyater oxi the latties are in equilibrium ani WS B, + H, 
ia the total number of nucled per eubio centinever. 
Integration of Bg. (11) yielda 


now n * (ny, ~ ade — (22) 


where nm, 16 the initial valve of n. Sq. (12) shows thar 
equilibrium between the spin system and the latyies is 
appxoached with the charasterietio ciue 


%y = = F} (13) 


therefore the vagnetizasion, waieh ita proportional to n, 
approaches ite equilitietum value at the same eharestertiatis 
time as given by Bq. (13). The exsension of this analysis 
to the case involving mere Shan tvo energy levels ia 
atreaigutforwest Wut vedious. 
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ipin-latelee relaxation is « process in whieh energy 
is exchanged between the spin sysvem and the latsice and 
VaeteRy tenis to Deine she two syetems to & ¢ommOn 
tamperatum. “ne probability for apuntansoua traneitiona 
between the nuclear magnetic energy levels is extremely 
wells therefaxe assentialiy 411 trensitions which sake 
place in the relaxation process are induced by « 
Piuetuating aagretic Meld shoes trequenty is the resonance 
Prequene y 

in non-setallic Liquids the principal mechanion in 
spin-lattice relaxation arises froa the thermal motions of 
the atoms or molecules whioh constitute the latties. The 
atowt ox molecules can be regawied a8 vehicles whieh scarry 
the nue lea womente about. Tf atvention te fiwed on « 
pertiouier nucleus i, then it is found that @ Sinuetvating 
magnetic Meld existe st this nuclear eite. The 
fiuetunting Meld at tite site ia produced by the motion 
af other ammbexe of the apin syetes relative to she site 
unier consideration. If Crequaney conuponents of the 
Yourmler spectrua of this flucsuating Meld are at the 
resonance frequenoy of the nusleus 1, then nuslews i may 
be ietuced to make « transition. The theoretical poodles 
then involves en analysis ef the lattice motion to 
deveruine the Yourler speetrun of the Clinesunting field. 
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Bloanbergen, iurcell, ani Fong th te worked on the probles 
ily, Bloeubergen 


+ Memmetioc Helaxation, Ts 
Hague: dertinus Hi shot D+ Eppa: 


qe w+ tt > ry * 
He LAUGRRET BON, we Sureeli, and ke. iovnd, ihe. 
Rev. 73, 079 (ight). * ; ‘ 


Sas rnate, 


ami obtained for the cute of dipolar-invereettons of like 
nuclei the “ollawting expresefion for the dipolar sankrt-~- 
bution ue, In a liquid due to trenglation of the nucle 
oD 

7 my san! 2 sa 7 rr 

Ny a 3 a FF 1tW,.T, Tate 
Wrere Bois she number of nuclel per cubic cantiaerer, ¥ in 
the gyroungmecic ratio, I Le the apin quanti musber of the 
identical nuclet, r ie the medial distance from the nus bens 
4, & 16 ule distance to the nearest neighbor af nucleus 1, 
WW, 18 sie angular sesonanee frequency, and T) is the 
correlation time. In general C. ie the length of time 
owexy which some correlation existe. or the case in which 
relavive cransiationsl motions of the molecules are 
rhiumriiy responsible for the ourter spectrum, Sloeabergen 
ootatined the following expression for c 


a ek 
CC.) srane * fe * Se (15) 
where mt in the mean square displacement of « partiela, r 
is she relative displacement of two particles ja any 
direction, ami Lb ia the diffusion coefficient. If differents 


== I €& GD 


a 
bpedies of muilel and paramegnetic tome are present, then 
appropriate acdiffeation must be wade to aq. (14). 

the wovion of the atoms in « B014d my be 
reatricted 6 vibrations of the atoms aheut fixed lattice 
points. “His case, in whieh diffusion of che atom through 
the solid doas not take place, is often referred to in the 
ifveratur of & wieid lattiogn. Therefore one voulst expect 
that the sesuriesved aotion in the solid would result in 
Stiles Sluetuating aapretic Pelde than those fot in 
Miquide uni hence chat 1, should be Longex im the solid 
than in vie liquid. In experiments it was Towel that Ty 
was infeed isger buts not ae long a8 theory prediond. 
Dloswbercen’- tnvewtigeted che probles and proposed that 


even in pure materials sons pareamepnetic i468 Were present. 
She laxvge uagnetie mowente of the paramagnetic ions would 
therefore wake the Mluetuating fleida stronger chen 
otherwise would be anticipated. Ey appropriste esperieents 
Bloe bergen dewonatreted that spin~lacticse relaxation via 
the purunepnetic iupurity tone was the dominant wechent sn 
im vipid-leurice, mor-metaliice solide. In this process 
excess energy in the spin system 1&4 carried by « mutual 
Spin exchange process toward the iapurity ion where «4 
mignesie interection tekes place with the fon. Then the 


PL 
energy ultimtely shows up as an imerease in the thermal 
anergy of the latzviee. 

If « nucleus has on 17%, it may have an electric 
quadrupole soment. such a nucleus will interest with the 
electrics Miele gradienss of the sleetrie Meld in whieh it 
resides. che interaction energy 1a a function of rhe 
ordentation of the musleus with respect to iva eleatro~ 
atatic enviroment and te therefore a Cunetion of the 
wegnecic quantum number m whieh deseribes ite space 
orientation. enee an electric quadrupole aowent may 
interact with a fluctuating electric Cleid eredients and 
thexeby provide an additional spin-lattice relaxetion 
wechaniag. che @leetric quadrupole interaction energy is 
of the oxiex of the preduct of the electric quadrupole 
wow: ant the eleetric Mleld grediens. An omer of 
maenicude calculation shows that wher quadrupole incer- 
aovione are present in a syitem, <hey ony predominmets over 
the nuclear dipolar intreredtiona. 


U. Spin-latcioe relaxation and Knight shits in metals 
In 1930, Seltler and teliert4 pointed our that a 


Heitler and 2. Seller, lroe. foy coe. (ucvion) 
ALS, a (inge). 


spin-spin inveractian of the nuclear soupntea with the 
gonduetion electrans of a wetal should prowide a wry 
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powerful apin«lacrice relaxation aschanisna in oetals. 
Closely related to the relexetion paenomenc: is phe Knight 
shift. inighy discovered in 1949 chet the resonanme 
frequency of « nuglear species in «6 matali is higher chan 
“te reaumante Prequency of the Same 28obepe of the elenens 
in G@ Salt. 

Te Hawilconian describing the aagnetic iInterestion 
of time nuclaue with the comluacton #lectrana is discussed 
By Dloeaberpen ar nowlend.*? the dauwtlronien 1s pepaared 


iy, Bloembergen and I. J. Howland, Aove 
desu Lilurpios 2, 731 (1953). 


Dene: 
12 2h BV pid Sue) - 2X hi > | RED 
Aon +(x 2) E 
- Bh ie i 33 a (16) 


wheve Y ie tne radius weetor of the electron with the 
nucleus a¢ the omigin, v y 1% the nuclear gyrom@netic 
ratcho, ard dy ie the eleetric quadrupolar interection 
eT 

The first tera in the Haallronien oseurs beenuse 
che electron weve Cumction has a Siaite value at the 
nudieus, the second tera represents the interection of thw 
nuclear spin with the eleetren apin, the third represents 
an intersection of the Buclear spin with the electron 
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orbiy. sr: “he 1asth tera represents the intersection ef the 
electric quadrupole mowent with electric Meld gradients. 
Konringa2© nen examined the contefbutrion whieh tlw 


8jan Korvings, Yayaica jg, 691 (1959). 


comuction @liectrons ake to the s#pin-lartiee relazation 
process, {> re , and the relation of ), no the Knight 


abi tf; As + 3 vesulta ere 


z 
‘a » MIat FLED P UES) Ee s| (17) 


where Ff = € axe the densiuies of the electron etates per 
unit volume per uni: energy for spina up ant spine dom 
respectively, #valuated at the “ern suxface, Vo ts the 
avoale volume, 4 18 the bypertins splinting of the 

ground stace of the free atom, i» ie the probabilicy 
density of an electron in the erat surface at the nucleus, 
and, in the probabliisy density of the velenee electron 
in the free azom at the augleue. Korminga's remult for 

the Enieht shifts also calowlaved using Bloch wawe funetions 
for the electrons is 


pee mn Gren £ (6). (18) 


Coupling between miclear electrie quadrupole manents and 
electric field prediente at the nu¢leus due to the 
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conduesion eleorrone te not ineliudied in the Karrings 
resulta; however Bloeubergen and Rowland 20 diseuss aush « 
me Ps 


Os Line width and spin-spin relaxation processes 

The seaonanée line possesses ui sbeerwed line width 
for two reasons: (1) the pawesnoe of a state souponent of 
Lowal field whioh has « different menitude as diferent: 
road lwax sites; and (44) the findte Lifeclae of = mus lear 
mumpetic apin sta. 

Feo & glassical vLleepoine each nuclear moment 
finds tteelf in « toval magnetic field whieh is the sum of 
the externally applied magmetic field anf the logal 
mgnenic Meld predueed ty the nuclear dipole momenta of 
neighboring nuclei. Tae magnetic Meld pradwead by « 
mipesitc moment at diatanse x from the moment is 
proportional to + Therefows, in general the local 
field, 5, will vary froa place to place in the musleer 
aypin syeren. Since the resonance condition is devernined 
by 

Ws Sinyt B) (19) 
we would expect to find « distribution of resonance 
Trequendies, 4W,~VB,) henee the observed resonanee lines 
Wild exhibits a width. Consequently, any mechanias whieh 
makes a donsribution to the @tatio B will contribuve se 
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obeexrved line broaiening. uch broatening is known as 
innamogeneous broadening. 

Comsiider she obhex cause of Line brondentng: 
ldmtving of the li feniae of a wuclear spin stere. *he 
Lifetime Av of x Roave is related to the probability of 
sransision per unit clam * Mrom that state to anorher by 
the expression 


Azza (29) 
wWhene . is related so S, by Jc. (13). Sy a consequence of 
the uncertainty relation, At at-h, the energy level of 
she wucleax apin estate will he brasdenad by the sacuns 


re els, 
Asim oy ae (21) 


un? Mingliy chere will be s epread in the observed 
venonante Srecuuncy viven by 


wf 


AW, = (22) 


4 e 
a 

AMomabercen** hee shown that the chaexwed “9 La 
reloted 24 ‘ and TL by the follwing expression 


det gt 2 
+ a (23) 


where I} arises frou effects due to local statie fields 
ay quteal spin~-fiipping. che above expression ta valid 
only Cox tlw case of extreue uotional narrowing of che 
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resonance ling. Jusaide thie case no aieple relation 


between at Bos and 4 Can be established. 


x, cumery 

te observed spin~lattlee relaxation time ft, 1s 
the vesultamt of a1] the processes whieh contribute to 
spin-latcios relaxetion. “he observed tr, can then be 
represented as the mum 


ato db. (aa) 


Simblarly, if a11 the interactions which contribute co the 
line width correspond to the soap line shape, then the 
ooserved spin-epin relaxation time { oan be represented 
by the sum of all the contributions ae 


ae ae (35) 

in metals, the asin mechaniaws of spin-lattice 
relaxation are: sucleaxy mgnetic intersesion of the spin 
syecen with lattices mosions of the spin aysten, diffusion 
of wetal atoms through the lasties, diffuaton of epin 
enersy to paramgnetic impurity ions, intversetion of 
electric quadrupole moment with sleantris field gradients, 
and the predomiaant sourse--magnetie interaction of the 
Spin systes with the eontucsion electrons. Faerors vaieh 
contribute to the lime width in metals ares (1) the 
variation in the static sompoment of B. throughout the 
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spin aystex (inhomogeneous broadening) end (41) Liat ting 
of the lifetioe of the spin asese by the spin- 

lattice relaxation processes and mutual spina~ 

Piipping. 


22 
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ks Bqui.pment 

& Vexien ‘ype ¥Y412~A magnet wan used in these 
exteriments, “hie weet has cylinivrival pole faces 
whieh are tvelve inches in diameter and has a svo-inoh 
aie gape Jt can produce wagnetic fields in the range fron 
Ge to twelve kilogeuss. ‘he well regulated power supply 
for the magnet wae deaigned and bulls in this laboratory 
amt is described by Farringer.”! Additional regulation of 


oo a vr, doctoral dissertation, the Ohio 
utate University (1958). 


the wopnetic Meld ia attained by weing a Verlan Super 
stebtiivger cheiel V-RA5%. The Super csebiliser aise 
enables one to produce variations of Bat « low mit nearly 
Constant yah!» 

ghe experiaents in the present investigation vere 
Carried out at two frequencies: 3.3 e/s ami 11,2 no/s. 
The radio-frequency sources conaiated of two separate 
oped liatora cach of whten ie exystai-~tontrelled. The 
wagpat of ehe osellletom! can be sontinuously sontrol ied 


ae 
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ower 4 renge from peveral uierowatts to about five wavss. 
Toey ave dosigned so chat the outputs can be wodulesed by an 
audio oneiliarcor. chis provides a canventent sethad of 
Calibyecing the sweep Meld. Vor spin-eckhe experiments it 
ie desirable to have « pulsed redio-frequensy sourme, 
Both omilistors vere madlified so that the sereems and 
plaves of she two stages before the final can be pulsed from 
their quiescent srate of twenty-five volts below the 
cathode potentials to theix aaximas possible positive 
povential. hie prewides a varic of on to off voltage at 
the outpat of cen thousand to one. In this way « coherent 
sauvee of puleed radio-freduency power is shtained. In 
the pulaed mle, the caclliator rises from minis te 
maxi ouppus in five mioxvceeecmdis ant falls fron 
maximus guipe: to minke output in three microeeganis. 

A Tektronix Type 162 Vavefonn Generaror and two 
wicvronix “ype 153 fulee Generators were used te pulse 
athe os¢lllatera used in the spin-echo experizents. 

The prebes usei in the experiments are the eroseed~ 
soll type Varian Model VE331A. One probe was operated at 
3.3 “o/s und anovher at 11.9 me/e. In each probe, sheve 


is a eet of Helahmolte oodles with the exia of the set 


oriented parallel to the dixvecsion of the exverne] 
magnetic field, The Heluheltus ¢olle san be driven by the 
Savtooth sweep of an ogellicesope in <cviey to produce at 
the site of the seeple « mguetic field whieh verien at 


&& 
2 conitent rate. ihe wagnitede of this Meld eveep can bk 
varied from « few miliigews to five paws. 

A Yarian Variabia Twaperarure NMR Froke sceeseory 
lodel V-$340 was used to obtain a varleble saaple 
temperatuxe, The teapereture secesseory wae soiifMied so 
thas sample tubes with an outeide diameter of © mm. gauld 
be ubed. Im order to reduse the sensitivity of the yorobe 
balance :o wuperetume fluetuetions, she tranetier Dewar was 
renoved; = piece of high-gretie rubber hose was then weed 16 
cannes the beater tube asseably to the insert Dewar aap. 

Sox dopecting the Nek signal, the “iret stage of a 
Vallann cascode preaaplifier ia connected divectiy to the 
probe and the sacar stage 4a loonted in « Mational BRO-69 
radio receiver. hie syévem has 4 capebilisy of deveating 
e 3.1 uleorowols aigual a5 11.0 M/s with « signal-to-noise 
retio of about 3:1. For slow~-passege work, she output at 
the detectoy of the seeelves in connected to « low-pass 
iC Miter ¢ixeuit whieh has « tims constant that cas be 
varied in etepe from 3.0] te 3.9 seconis. The signal then 
passes through « gathode follower ami OC haleneing ayaten 
for conwentent display on the Tektronix Type 533 
weLlionsope, For the pulee experiments the output of the 
receiver devecter is camected directiy to the ovcilie- 
scope; in this configuration the overeli bend page of the 
deveesion sysven is approsimately 3 Ko/s. 
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B. Beperimentel sethod 

In che slow-passage experiments, she exverne) 
field sueep vac obtained by having the ogelilionecpe aueey 
drive, by means of an additional amplifier, the Beisahelc 
collie in the probe. The seseounoe signal was then displayed 
directiy on che ocsallicssope amt photographed. The line 
widths were chen dererained directly frou the photograph. 
in a]] the experiwents the lime widsh 42 is taken «8 the 
totel separation (in gaues) besween the half-sexin 
amplitude points om the abserprion curve as displayed on 
the oectliogsope. The Clield sweep vas salibraved by 
eodviating the ocutpur of the radio-frequency osetiiacer 
with a calibrated wudio frequency oseliliator and then 
masuring the seperation between the central lime and the 
dimes due to sidebands whieh appeared on the seciilonseope. 
Care wae taken to ingure that the sweep rebe waa well 
below thet rave whieh would produce eddy currents in the 
probe of suffiolent mgnivude to cause ‘artifielei* 
broadening of the line being cheerved., The time eomatant 
of che RO Milter network wan alvays ad Jusved to preveat 
any artificial broadening. The output of the redie- 
frequeney obelliater ware operated in a region where «& 
limear inerease in output voltage vould vesuilt fa a 
linear inerease of the amplivude of the I signal os 
displayed om tha omeilicoscope. Thies provedure wan followed 
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26 
in omler to prewnt broetening of the line due to partial 
saturation of the sample. 

Refore Gach experiment ver begun, the magnet waa 
eyeled in order to obtain the bean field homogeneity. ‘The 
Supexy Stebiliser was then yur into operation and Mnally 
the “eld wae seine using « Varian Jield Homogeneity 
Comtrol Unit Hodel V-4365. The sample used during this 
projedures was 4 4.5 molar aqueous solution of Nabr in an 
O wide Beaple tube. The widsh of thie Line was found te 
be benween 13 ant 14 wilifgeuss, a result conaistent with 
some unpublished dave by Sliemn. Therefore the field 
inhomogeneity over the sanple in ite active region 
probably did not exceed several silit gauss. 

opin~latiion relexetion tinea 1, were weamured by 
the null method due to Carr and Purceri.° In chis method « 
159° pulse ts applied and ia later followed by a 99° 
pulse. The ‘ius between the two pulses is increased sech 
time the sequence is carried ait, and the tail at the ent 
of the secon! pulae ie observed to be 6 minis for a 
certain pulse separation ¢. then f, oan be found from the 
Te lation 

ToT in 2. (2é) 
The spin-spin velaxatcion tine ty wae measured by the Carr- 
rureeli cechaique tn whteh a single 90° pulse is applied 
and shen is followed by « sequense of equally epaced 129° 
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yuleesd. Tale pededure resiive in a pecuense of eahoen 
With a single echo appeering besveen each pater of 189° 
yulees. ae envelope of thie echo sequence deeaye ax « 
oharacteriucic rate which ja very nearly edual to the trve 
"g Of tie waverdal. ortifieial shortening of “, due to 
Ait tusion of nuglel shrough as inhowonene ous Ee is eveetiy 
reused. Tae effects an i, of inhooupgeneitios in 5. axe 
lees if the spacing besween the 169° pulnes ts reduced. 
tavevar, experisental difficulties preven: this spacing 
yom being axie orbitrartily short. In chene expertaents, 
che wpacing betwen 27" rilses wae 5 ame, 


we Adi key Lael 

he metealile seiiun used in thie work wae very 
Kindly conased by Yes. Induaserial Chemieate vos, 1275 
wecsion somi, Vineinumerct, gile. Ts consietre of annalite 
Solus clepered da an ol] called sikyleve 2775-13 wish 
Jeu, cluaiaum steaneve additive. +Tkyleve sonsiers of 
petrolevun Laoparaffine scubloed with alafin hy roserbons. 
vt porvledea sige wel elleged to be tn the rename of 1 oo 
4 slorone and to heave an awerage sine of 7 wherosa. - 
lite of the sodlvue dispersion wes exenined under a 
wisroscope ami the pertiele sine wae compared with the 
ret bliaat selis of the ahieken. ‘ne average Sse o* 
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tie we onan éelis 18 known so be 7 microns. i Thee seiiusa 


coe ee sey, tag bape a, as 


particles were obserwed to he on the sili iii seven 
micrxose In Jian per» 

cae xvubidiua sample was very kindly donered by 
De. Viliten Gapex of Batrelie moworleal Inavitare. The 
rubldiue hed been dispersed in paretfin. Vhe particle 
sive of this dispersion ie not known, 

Boh the sodium ont the rubldiua samples were 
placed 2n pyrex tubes whieh have an dutelide diameter of 


i (itty ant an imeide diameter of © in 
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HRGULIC OF EXPERIMENTS 


the iis width $6 of the absorprion specrrun of 
wmechilia saiiua was weesured over the temperature range 
39° g9 169" G. at tvo resonanse Trequenctes: 3.3 o/s 
ani li.) se/s. weleing occurs ab 95" C.y therefore 
Ohmervations vere ate in both the solid and Liquid 
ataven. “he results axe presented in Mic. 1 and 2, 

“he probable error in the date at 3.3 He/s is 
+ 32.9915 gause in both the Liquid ard solid scetes. 4% 
11.3 jefe the probable error is + 3.9795 gauss in che 
eolid state and + 3.9910 pause in che ifgquid atate. ‘The 
probable error was estimated as half of the difference 
between che maximus line width and the winds line width 
obaerved a: a60h temperature. At lenes nine meabureantz 
were wile «t each temperature. 

7% both frequencies, a large increase fn line 
width oscurs a8 che temperature of tim sample paseen 
through che selting point. At 3.3 Ho/s, the line width 
is 3.930 gauss just before melting and the line width fe 
Jo 1 gauss just afcex melting. ‘his is s 73 inereane 
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4 line width upon melting. dt 11.9 ne/s, the line width 
ie 3.383 gouss just beface mpiting and 9.56) gauss after 
she sample her melted. This is a 49: inorease in line 
width upon aelting. 

In “igs 1, Lt de seen that at a resonance Srequency 
of 12.7 o/s che Lime width 38 of she solid bes on 
asaentialiy conetann: velue of 3.942 gauss from 39° C. to 
the nelcing poinc. whe data in Pig. ¢ show a different 
behavior of the line width in the solid at 3.3 Ho/e. In 
Me. Zit im meen shat $8 te 3.931 peuse at 37° CO. 5 
wO9 d., 9B hee wieen to 2.792 gayee ant then continues 5 
predually rise until $8 7 2.930 pause Just before wilting 
begins. Therefore in the tenmperecore range frou 37° c. to 
she welting point, the Line width of the resonance Line of 
eolid sodium exhibits « depentenee on the resonanes 
frequence; in addition at a resonance frequency of 
363 wofn, She line width exhibice « slight teapereture 
Cepemience. “Ais teaperatume dependense is not observed 
€t 11.7 oa/s. 

“bove the aelring point, the line width of the 
liquid exhibise « differsns behavior. In the semperature 
ranges 1° so 129° ¢., the width bes the averege consrant 
Value of 3.%1 gausa for both resunance frequencies. Hence 
the line wideh of the liquid in this range does not exhibic 
& deparndence on elther vempernsture or che resonance 
Frequency. 
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Some photographs of the absaorptrian speetrusa of 
sodium at a resonanse frequency of 11.9 s0/s are presented 
in tin. 3. vi calibresion of the Meld wveep in Fig. Se 
te 3.227 gauss per diviston (each division, whieh has been 
redacted in sae pnotographis process, representa 1 cu. of 
the owetliossops sereen for a tatal of 23 ea.). In dig. 3b 
sheoagh Mr. 34 the calibration ie 3.980 pause per 
ddivieton. “4s. 30 1a the obeerved absorpsion spectrum at 
397 Ge Me. Fe Le c photograph of the speesrus an che 
aoxitua bering 26 aeds. Mige 3¢ through 3g are photographs 
of the spexttrua taken in sequences a3 te welting process 
progreskes. Jig. 3h shows three puccesed.ye phobogrephe of 
the #pecorua valen at 1957 ¢., dues acer the resonance 
tine of nolic waodiuws hes diseppearved. “be Line widthe in 
figs 1, Which are plouted av 190° amt 191.59 ¢., were 
obtained “rom the absorrrion spectra shown in “ig. M, 
“ee Je, av Mee Bo, In which the reacnance lines of 
Holic ani liguic aodiua are soon co coexien. fig. 3b 
shrough 3g iviteate shat the seaunance frequensy is 
different in #olid and Liquld sodium. It ite for this 
reason that it ia posaible to observe the resonance lines 
of she solid ami liguid while the two phases eoexien. 

me coexiezende of the solid and Liquid resonance 
lines at the writing point wae obserwed at besh 3.3 na/s 
and 11.9 so/e. At 303 Me/e the separation berwean the 
ventera of the liquid and solic lines is 2.983 geuem tn 
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#6 
an extemal “eld of 2925 peuse. The seperation of the 
lines does not change a# the weltiag of the sample 
progresses, it 12.9 Je/a, the sepuryation of the awa lines 
ip observed to be 3.253 geues in an external field of 97E2 
geuse. ‘he separation at 11.0 ae/s does not change ac the 
melting procedure sropeenees. 

“he Yelaxation ties ", ami ft. of sodium were 
measured as a Cunction of tempercture for two resanenee 
frequencies: 3.3 H0/a and 11.3 ve/s. Am previously 
mentioned. the spin-echo technique woe used “or these 
mee Repemenia., “ht oul method waa used io desercine a 
ana che Geer~:uree LL aethat (a single 39° palae followed 
ty : sequence o* aqually spaced 377° putees) wae used 29 
menkure 6 Me SeRLtS oF the "y- 1, maeuremente at 
403 fe ore riven in tg. 8. Che apin«lnstice relaxation 
whine Ny Cecresese ac an ap rami epvely linger rahe with 
increcsing teuperstaire So 74 omed, 5% 33° we wo Bhout 
To) MEE OM V7 ue Me spin-spin xselexation sine vy Ae 
sbeexved “o ‘lecrease approximrely linkatly with increasing 
sempem.cure “rem £.5 amet. ah 37? OC. to 5.5 meee. on gf cy 
wh account of che poor signal-to-noise rasio, 28 was nor 
possible to asseune * above the aelting pointe at 3.3 Mo/s. 

ye wemultce of the spin-echo mweasurementa om sodius 
At 6 wesgonange *requency of 11.9 46/e are presented in 
“Lg. Se "Sa 4 Consequence Of an iimrowel signal-to-noise 
rerta (as compare to the signal-to-noise ratio at 3.4 w/s), 
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chem weasurementa were extended to 129° oc, "he relaxation 
tie 2, 18 abeexvved ca decrease approrimetely lingerily with 
increagineg temperavure from a value of 16 mee. ac 20" c. 
ro f cwee. at 2419 G. Within she liedts of experimental 
error, this is acuivalent to the obserwed behavior of 
at 365 He/a. In the solid, ", remeine eapentially constans 
frou 39° co 9° Ce ont has an average value of 7 msec. 
Melring bepine ac 99° Giz at shis temperature T. haw an 
average value of G msec. an 195° 0. che anole is 
ccuplecely melted, ami 7, has decreased 29 3.5 meet. The 
relaxation ride ¢, then resaing consten ss ve tesperszure 
increases bo 122°C. Since 3, is inversely proportional to 
the Tine widch of the absorpoion spictrus, the deerease in 
To upon welsing ie consistent with the obserwad inereame in 
dine width (eee Mg. 1). . change trom T, * 345 meee. in 
time Liquin so r. 5 le ake in the soli? ia an inerease of 
72. dn selaxacion shaw. 

im omies to stuly further the mechanisaa whieh omy 
conmoribute 26 the line bresdening extdtited by sodtilus, the 
telesation tiees of the preton in the 212 in whieh the 
sotiua whe dlepersed were investigated. « porvion of the 
o£1 wae deeansed frow the soddiuc dispersion ant placed in 
& glass suaple tube with an inside diemwerer of 3 ua. The 
relaxation times (, ani t, were measured by the spin-echo 
technijgue at roo teupereatias and in che neighborhood of 
che mplting poist of sodiua.e che resulta are shown in 
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fig. ©, The Melaxetion vimes do no: ahow any ances lou 
bohaviox in the region of the melting points of aadiua. Vhe 
relaxation Glues of the proton in the sodium diepersion 
were seagured by the spin-echo techudque. The sample uned 
in the sodium experimenta was eleo usel for these 
weosureuents, “he results ere shown in “Lz. 7. 

Ho anduslous behavior of “, and "5 Qf time proton 
in the soiiuc dlepereion in cheerved at the apiting point 
a godin. i? the ‘ data in “te. & amt 7 are compared, 
£0 48 seen that %y of she prosan im longer in tie 
dtaperaion wha in she bulk ofl. Yor exauple, at 32° ¢., 
%y “le BeO. in che Clepersion and f, = 2.1 sec. in she 
bulk ofl. 24 299% Ga, "#461 mec. in the dispernton 
amd “y @ Cs) secs An Sha bulk ol]. ence the Slope off the 
‘ curve is greavexr Sor She proton in sim dlapersion than 
tise provon in the bulk of]. © marked 44 erenie in the 
mammdcuie oF. in she cw eanpies la obsexrwed throughout 
the temperasure renge in whieh mesburements were mete. Tt 
2327 C. ie selected as « point for comparison, it is seen 
that in the bulk of] S, * 3.0 sec. and in the dispersion 
Te 2 3.93 aac. Hence the relaxation time of cot proton 
in the diapersion 1a only 1/2) as lerge os 44 is in the 
bulk of23 a: this temperatuxe. 

in omer vo gein fourcher insight Into the 
mechaniows causing the Line broadening of sodium, the mie 
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isotopes of rubidium, abo? and re°T, were investigated. 
The xesulte of the measurement of ling width as a Sunetion 
of veaperasure for ib"? are presented in Ag. ©. Due to a 
your aimal-co-nolse retLo, the statistical variation fin 
Ghee date lea rasher lerge. “he probable error is 
estianted no be * 5.1 pause. The probable errar for the 
rubidius data was eatimetet in the sane way as it was for 
the line width measureaente o* nodiua. «thin the lLimtes 
of estrerigvensal exrom, the Line whith of une? 14 observed 
+o be the aaae in the liquid amt the solid. wo clearly 
Yesplved sasponance lings were aot obsexwed at the weleing 
point o8 Wah coe case with sotiua. Instead, during the 
waltiny process, the Siena] amplituce Le obmerved © 
decrease “oO a level such that it ia nearly obseured by she 
noiwe,. fhrexr che rabiddue hee ceived, che signal 
wan licudte 2k thw soo an before welting coawered. «ft the 
amici point, the anicht abifr in the Uiguid te 4. fferent: 
“yes cht Yoizghs enai@s in the solid, ilowewer the 41? ference 
Le ganll cowpamed with the iiee wiith. Hence, se a result 
a” the chance in Knight shift and « poor algnal-re-nolse 
ratio, the line width at che wpiting polns 1s cbmexrwkd to 
behave ut described above, 

y@ line width of re’ ass fumecion of temperature 
ia yresenced in #ige 3. “he probable error is encimeced to 
be + 3. gunna. The line wideh has an avexege value of 
2.08 gauss as 32° C. and deereanes with increasing 
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seuperacuxe tO ef average value of 9.5) gause at 36.5% C. 
Just below che welidng point as 39° ¢., che line width 
suddenly decresser vo an sverage walue of 3.41 gauss. che 
line width ie observed to be 2.41 gauas stove the aelting 
point also. Inesead of exhibiting « line brosdening as 
nodiun did at the welzing point, 2°? shows a line 
narrowing. cuthereone, in the case of en’? the transition 
takes cls Just below the aelting point. 

we Liquid mi solid xresoname Iines of 2h-” were 
observed while they coexieted at the wilting poink. The 
oencers of the Lines were observed so be weparated by 3.4 
gauss in on external Meld of 737s gauss. The liguid lines 
appeared os the lower Gleld for toe camevans foequemy 
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CHAPTER ¥ 
DISCUSSION OF RESULTS 


gg. (6) whieh is valid oly for « .orenatian Line 
Shape, can be used ¢o compare the apin-spin yvelatation tine 
h e@ Geterained by the flow pugecge technique. Im the 
following tabulation, “,{ 58) representa the spin-spin 
relaxation time which has been detexuined Crom « 
measurement of the Line width Of, and o, (pulse) is the 
epin-spin relaxation cle of deterained by the pulse 
vecimigue *sr sadiun. 


BLE 2 
On ARYGON UF LENE wIbSHe AND D, OF Ne*? 


3300 32 69GL 2099250 eI eH 1 
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Le? FD eR 309 eH IT TH + Ted 
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eh Ly 3031 * 303913 4, = i Pad ‘ Pe; + 265 


A qpasurenent ef T, above vbe melting point by the 


pulse rechniqgue at 3.3 ao/s wee nor pomsible because of the 
47 
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poor Bimal-to-nolae ratio. Ae daca in the above 
tabulation imiicatwe that In these experiaents the grecrer 
preeiaion in weasuring T, was achieved by using che slow 
pesteags sechrique with the high resolusion spectroanter. 

The observed anomalous troadening af pee saddiun 

ling will be discussed in tera of severe! known brosdentag 
macharnitew, - fetyeare in the lifescion af the nuclear 
Spins staves wien coiiun welte would omuse brosdening of 
“he line, “wo prinei pel wechanious effecs she Li Sesime oa” 
she epin avetes in Nek: (1) apin-lestice rwlaxstion 
processes, ant (44) autual exchange of energy within che 
Bpin eyeten. Che lavcer process te often teraed spin- 
flipping. “he spin-lattice relexation prowess te nos 
believed to be she cause for the “ollowing reasons: “he 
relaxation tine °, does nov unfiergo any sudden change at 
the melting point. initexi, “, continues so decreaie at 
che Sam cote with inereasing teaperature in the liguléd an 
4% did dn the Soltd. Also, 1? the spin-lattice relotation 
process were on iwportant aechenian in detenrcining Te on 
vhe Jaguic, shen the Line width of the Liquid would also 
anow a Variation with temperstuwe, This is noo the cane; 
She line widsh of the liquid te obserwed to remain donsyant 
up ¥o 129% C, A decrease in Lifesiue of the spin atases 
due to an ineresase in she spia-Clipcing process upon 
me isizag would nor affear “ye Jomever tiie does not appear 
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co be « probable cause Binge che probability of spin- 
fliippling should decrease due to the oxpected decrease in 
Uy eh the race of a@lf—dittusten of the sndiua atom 
inerguses., o line narrowing due toa selfdiftfupion in 
godiua is observed’ to beein at 199° K., and there ta no 
mason sO expect the diffusion process to be slowed down at 
highey temperszures. Un the contrary the coeMffLelent o” 
aecedi fusion in some wetele has been obeerwed £46 increase 
by several orders of angnitude upon aelting. “> 


tay, Caxveri, &, Faoletti, end &. Le selvesti, 
iuova Clumnso Jy, 399 (1954). 7 


inhouogenscus broadening provides anotiwr sechanien 
which sue: be considemed. Seach nucleus precessem at a 
rete ceveruinad by the augaitule of the total aratic Maid 
in the <-direebion, 5, = 5, + Ess et each nudlear site. 


saretore nutlel a: nuclear sites, whieh save differen: 
vi lope of Shy» Will precess ay di *feren: rates. In these 
“axpexriuente che varlasion of Dae tat extemal field, onmr 
she active region of the sample is negligthle compere with 
the netutel line width. therefose in aise case any 
sppreciable variation in A, is due to 8. (the lowal field 
praduead by “acrora much a8 nudleary neighbors, paramagnetic 
dena, amt aotions aml spine of electrons). 

In 1953, Foat®? measured ", and iT, of the pravon 


By, G. toat, theaie, The Chis State University 
(2959). 
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in mixcures of water and silicon dioxide on 6 funetion of 
parsicle sige (range of partiele tienevers~-5) ba 79) 
microns). He Court that Ty, deeresses an the particle sine 
feqrestes, Sur that [, temins sonstant over « large range 
of particle sixes. ‘ost sugeeated that because water and 
silsoun dioxide have different mignesi«c suasepribilisies, 
inhumogemities in the static campoment of megneric field 
By, Would cates near the Invertsoe of the particle and waters. 
“here fom the pretons meer the surface of she particle 
Would have & spin-spin relaxation tiae ©, whieh la shorter 
than the Bpin-spin relaxation time [o, of che protons in 
bulk water, lence 1/Ty may be considered to be du to the 
weighted gum of tvo relaxation rauioss W Tyr due to 
protona in the bulk and Wt, fue co the protons wear she 
surface of soe particle. Thus the relaxation tliae T, wilt 
depend on citfvsion preecestes near the auefece. or 
exemple, Lf the cle required Cor a proton ta AtCtuse trom 
bulk liquid te the surface is emel] compared with *..., chen 
chert 16 & preater probability than 1¢ will xelex aeeanmling 
ue ie if it stays near the surface for a long sie 
compared to Moe Mais would be an explanation of why Ns 
for the mixtnuee decreases as the disvance from any point 
in she ulk liquid to a merfece is redueed ani the surface 
vo Volume renio te inereased; rhie is the case when the 
partiole sise is reduced. 
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in oer to study the influence which surfaae 
effects omy have on tha anomlous broadening of the sodium 
Lirw § * smd Ty a? sie proton was a@asured in the sadfuc 
dispersion ant in es saapie of she bulk of1 which bed been 
decanted “rou the aodivea diepermion. che resulta are 
given in Meg. 7 ami o, respwocively. <4 rons temgereature, 
“y Oo” che prota In bulk of1 fa 33 clues lonmer then % or 
dae prose in ube dispersion. This resul= ia wisdier to 
che yesult reported by loat for tie aizcane of waver ant 
eliicon dioxide particles. /Igo tu im noted they °, is 
almost sawlte ox long in the dispersion as it ta@ in the 
bulk of] weuples Che relative suaceptibilities of sodium 
am! perroleus (inforsasion on aikylate, the ofl in whieh 
tae sodium tn diapersed, te nov avutiable} axe 
teepeciively +2.47 ami - 92.03. sense inhoneganeivies in 
the wagnetic Meld near she sadiue-oll interface will 
@xisc. Un the Dosis of Lostis madei, usexe would be two 
Melexervion sexae Ces Toy Por tha provon. wisdlarly, 
thea poseibiiisy exiate that she apin-dpin relaxation tine 
of aodiuc will consist of two terca: “a Yor muelel near 
the suxface and “gy TOF nueled In whe interior of the 
sodium particie. How ean the existence of cwo ditferens 
Telaxation tines T,, and %. acoount for the line 
broadening upon aeltingT Although sodium ie am solid in 
the vempersture range from 359° ke 20 Ste wp lting point 
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at 3727 ve, there Le evidence that narrowing of she 
renonance line’ due to self-diffuaton of che sodius atoms 
besing az 150° bk. Jwen though selfditfusion te well 
eetablianed below tiv waelting polnt, che tine neceseary for 
she avexmuipge sodiua atom vo pass from bulk saliva to she 
axituneail interface ia evidently long compan with Toy 
and fy.» if aciiun behaves ai fous orhexy metele, iy the 
SElLinti fusion soeMtielent of aatiua may increase by 
several oriern of asgiitude when it apite. In thie way 
the prohehtlity ches es giwen nucleus woudl spproach the 
surface of che wodiua particle ani relax accowling to T.. 
wouls be pueanly enhanced upon melting. “nis proeess 
couht cen acdgunt fox the anoamlous ling broedening of 
todiuc. Information on the coetfficians of self-diffusion 
tn she gottd ia avad lable s°2"4 owe wer no date a2 seLi- 


“ly. Hu. Hachovdeb, &. Gatalanc, ami J. ds Ketl, 


ditfaston in liquid sodium are avaliable. This informpion 

would be desireable in omiex to cheok the abow information. 
tose”? nes mugeested chet Tp, and T... an 

different because the difference in musceptibilities of of] 

and sadius ereave inhomogeneities in the magnetic Meld 

near the surfiace of the sodium paercicles. If this were 

the cage, then one vould expect the unprtitrude of the 


inhoaogenel cies so inerease as Bes the external magnerio 
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Meld, in increneed. ‘his should te reflected in a 
decrease in i, ond ultimately i; as 3. ie inovessed. This 
decresee in i, ia not obeerved. sn ingpestion of cig. 1 and 
« veweale that the line width in ligutid soiiua is the same 
fox the two resonsnes frequencies, 3.3 s0/s and 11.9 n/m. 
Svidentiy no noticeshle difference in Ty. and fo, orisen 
from ume di ference In usgeetic susepribilicles of of1 
aim solves 

:methex inapeccioa of Migs « and 7 shows that % of 
tne proton 26 jonger in the sodinu diapereion than ft Le in 
tha bulk gaayie of the oll amd wy i@ auch mhorser Lo the 
dispersion than it ia in the ol]. “hile behavior of Ny ard 
i, suggeety chat the protons, being in ost cmsen near the 
murtace of the sodium particles, asy be tumobilised ce if 
they were in 6 ealid; wance the lmmy value of Ty emi the 
B30r% foe a Me laxetion time 0, would nos be expected to 
be extremely long os fn 4 true S014d fince no attemnt was 
made 3G reaowe paramgnetic dupurities sueh 28 ocygen from 
the sotiua dispersion. Ina like mumer the sodius nuciel 
mear she ineide surface of tha sodium particle ay hehave 
aga solid afcer splting and therefore haw a Te, ahorter 
thin “ys Then sodium aveled diffueing to the surface 
would be exposed to a semi-right lactioes henee they would 
experience 41 inhomogeneous magmatic field and dephasing 
of the nuclei would oceur Just ac previously suggested. if 
vhe diffusion process suddenly increases upon aplting, she 
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peobabiiicy of « given nucleus reaching the surface is 
speeded up am’ che dephasing process la cnnaneed thus 
causing o broadening of che yesonanse Line upon melting. 
if the inhoupeneities near the eurface are priaariiy caused 
by nuclei neax the surface being bound together as a 
solid, oie Would not expect she effect to be depentent upon 
che external uagnetic “eid. Vhais ie in asgueemnt with 
expertae: since the line width in the liquid asate 1a not 
Cield dependent, at least for tie two resonance frequencies 
investiga ved. 

an onier to gain further insight ince the Line 

broadening whieh ocdure when sodiun celta, t.m isorepesa of 
rubidiua, xb’? ant ob°T, in metallic rubidinn were 
investigated. Gatowsky?>"" hes reported data on the line 
width of sa below and abowe ita melting point. Ge 
reported tha: she line width of rb’! showed « sudden 
despesee upon melting. Just below the meicing point he 
found the line width to be off the omer of 9,6 gauss and 
Juex abowe she melting paint to be abour 9.5 gouse. “he 
remulte of the present seasuremats with Rbo? are shown in 
fg. 5. AB Can be seen, the statlacioal variation in the 
date ie lerge (order of + 9.1 gauss) ao 2 small change in 
line width upon melting ean not be deteesed. CGutowiky no 
doubs was abla +o use « Larger senuple wish hia equd pene 
amt ties eehiew « betver sigui-to-nealee ratio than that 
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Seseained in this experiaent. ‘Jowever it wis be nosed that 
the Line width as reported bere ie on the average 45 
$e 53. greaver than that weported by Gucowsky. There te a 
Slight: difference in the meshod of disparaing the 
yubiéius. Gubrewsky vaed uinera] of] walle paxveffin was 
used an she dispersing ament in this experiaent. However 
it meems uniikely that the dispersing agents cold acequnt 
foe tht large diacrepaney in line widths. 

te Line weth at sb&? a: 3.3 o/s as a Ametion 
of texmerezure is displayed in Aig. Gs “chese data look 
oles identiog, in tharacter co those reported by 
Oucommky*?" toy m57, tere t8 alao some atatiarioal 
variation in she date in @ly. 3; however chem are enough 
roines Go davlicate thet the dine width undergees « suiden 
deoreane of shout 3.1 gauss Just below the melting point 
ant then remins consvant in the Liquid up te 48°C. This 
dear¢asa in. line width upon melting te contrary the behavior 
exhibited by sodium. Therefore this case aust be exeniued 
te wee if it invalidates the proposed explanation of the 
ghuerved line broadening in molten sodium. éleo this 
decrease in line width of Xbo> when it malta contrediets 
the conolusion of Heleosb and Sorters,” pased on their 
spin-echo measuremeats, that the line width bevedens an 
is tie case of sodiua. 
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‘The relative suscepribiiities of severe] subsvancses 

ave given (date on mineral ie unavailable, henee pevroleun 
ia given}: 


TABIB 2 
COM ART SOM OF RELATIVES SUSCEYTIBILITIES 


was ) ieeanenae or , ees maants sane 


Sodium + Dekh 


Taerefore if che differmme in susseptibilisies of the 
wetel ant che agent in whieh it im dispersed is 
contributing to « difference between fT... andi Tops then one 
Would expect the difference to be lose in she rubld tun 
paraffin syacen then in the sodiwe-nineral of} sytten. 
“he yeason is that the differenne tn suasceptibllisies 
between rubifium and perveffin is leas than the differences 
in relative susseptiniiicies berween sodium end nineral 
oh. 

ae vubidium line widshs are dolerwed to be 2) zo 
39 times greater than the line widths of sediue, ‘his 
suggests a different ani stronger relaxation process than 
thet observed in sodiui. The hyperfine spiitsing in the 
free atom for Ma? t= 189 va/e. The bypertine splitrings 
in the free aton for ho? and me”? are 358 o/s and 
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S1E mea/e vespeccively. Sherefore one would expeet « 
Stronger electron-nuclear interaction in the cape of 
yubidius since it has a larger hyperfine eplitting thas 
sodium, An inspection of the T, ant 5, daca on rubidiva, 
which Norberg arm Soleomb’ vbtained by spin-echo toehmique, 
yewals thet t, % t) tor mn! abowe che melting point. No 
appreciabie change in ty was observed upon peseing through 
the smelting point. They were unable to obtain any reliable 
To date In the solid. m the baala of the informaiton 
which 16 available, it appeara thet the apin~lagrice 
relaxation wechanien in extreaely strong in bo! ant is 
the coutnent wmchanian in deversining the Line width of 
eet, 

Rorbers, ars Holeodb” eiso measured a ani T, in 
Ry? » ant again they were hewpered by a poor signal~to~ 
noise retica ani other inetrugental problem essotiaved 
with meawuring short relaxation timen. They cheer yy 
ce ineresse vith increasing temperature in the solid ant 
to mationly inorease from 1.5 asec. to 2.6 mies. at the 
melting point. Mo seasuremmnts of , in the solid were 
wmades but they ¢14 measure t, dn the liquid ani found it 
to be sifehtiy lesa than aT near the melting point. The 
line width date in Mig. 9 can be conversed tO the relaxation 
tim ¢. (53) and compared wish Yoleoub's Ty and 5 dase. 
A Lowerrtian line shape hea been assumed for this 
gonveraion. The weiting potat f@ 39.57 ¢. 


a ty ew 


TABLE 3 
COMFARLSON OF LONE WIDTHS, T,, AND T, OF wn? 


Tear t, Ufoleosh)  § —«'%._ (Holeomb) z( 3) 
a i meee * anes Sue 
0 1.2 om tek 
04% Led teal * 
45 Reb Bet Led 


in light of the two different methoia used to measure tT, 
emt the poor signal-so-noles retio, the agreement between 
the two independent measurexents of +, a 49°C. ts 
remarkable. 4 sowparison besween 2, and &, (9B) at 337 
ant 32.59 C. suggeate that the lime width in the solid is 
being deteruined by spin~latticn relaxation processes. One 
van see that Tis definitely ean chan Ty in the liquid at 
40° c., a fact whleh indicates & rather strong spin-spin 
yelaxeacion wmeshanieou in the liquid. Howewer the dowination 
or 5 in the 40134 by spln~latties xelaxation prosesses ant 
che discontinuity in T, at the melting peint uke it 
cifficult to compare the behavior of rubidiua with the 
anomila@e behavior of sodium. 

Oe more faetor ecneerning the line width deta af 
sodiua is worthy of diseussion. In Migs. 1 and 21% can be 
seen thet the line width exhibita a Meld dependente ta 
the solid. At 11.9 Me/s, she line width has @ constant 
value of 3,942 gauss fron 39° ¢. co the melting point. At 


=< Oo GH G2 


ag 

3.3 xo/, toe line width fe 9.932 ganss at 30° c. and 
gredually inoreasesn to 3.79% gaune at the weleing paint. 
Spin~-latciae relaxation processes cannot be an Laporrant 
facvor in deteruining the line width ot 11.9 a0/e in the 
solid because in this samy temperavure range |, vee 
observe! to decrease from 15 apes, at 30° U. to 9.3 meee. 
at the melting point. If spin-lattice relaxation prosesees 
were infiuventing the line width, this temperature 
dependence would be reflected in the line width data. 
Spin-lattice proteseda do agecunt Tor che teaperature 
depentenca of the line width in the solid at 3.3 no/e. 
Ay 3.3% no/e, 7, 18 observed to decreane from 14 mec. at 
30° G. co 7.5 meee. at the mplving point. A line width of 
3.930 gues at the melting point correspomis to a 
ty = 7.7 mec. therefore the gradual inorease of Line 
width with tespereture at 3.3 “c/s in due to the inoreasing 
role which spin-lattioe relaxation procesmen play in 
daverdining (. a& the temperature increases. However at 
the lowex touperatuces where spinwlatcies relaration 
preeentes ere not tuportant in deverminuing T, at either 
vetonance froquenty, the Sleld depentence of the line 
wiith is alesr and ite cause seeds an explanation. 

im a yeevious part of this discussion 15 was starved 
that any electris quadrupele interecticon which is present 
im soffum gould nor ageaount for the anomalous breadeniag 
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of the odie upon melting. If the quadrupole intersasion 
wexe atrong enough to areount foe the anomalous broafening, 
ite effect would be reflected in the behavior of 2, upon 
melting. Wo snomlous behavior in. Lt as che aelsing point 
was ob@erved. Howewer the possibility thas there is a 
weak quatrupole fnteraction in the solid that may aecount 
for the field depemiente of the line width should be 
duvestignved. the Mares onter energy correction to the 
nuclesr ceeasn levels due to an electric quadrupole 
inverustion in « single crystal is 


tg 2 SMe tan? ~ xr + 13 eae -3\(en 


wheve on axially syamenric electric field has been saguned, 
«, de the electric quaizupsle nomeat of che nucleus, Vi. is 
the “-compomins of the gradient of the eleosric Mald at 
the alive of the nucleus, ~ is the angle becween Be ure Vex? 
wn aie the angnetio quantum muuber. for soddua I = #, 
therefore if there is an effective non-sero Vas? ium 
absorprian speotrum of a single eryeteal of sodiusa wlil be 
Bpliit inte three specsral limes with che folloring 
resonance Trequendies when ~ * 3 


Ue Yu,+ Je (2&) 


ae al Be (29) 


Ne . vn, = ae (39) 
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In cheese experivments, & polycrysteliime speeimen of 
scdium waa used. IA thie case the continuous diatriburion 
of directions causes the frequencies V, ana V, so have 
continuous dietribution over a range from Vj, ~ SoVAl no 
Ye + “at . “berefore in « polyerystelline sample che 
eleetric quadrupole interaction may teuse 2 broadeniap of 
the resonance line inetead of splisting the line as fae 
possible with single crystals, 
uxidins has @¢ body-centezmed cubic oryetealline 
goructures; there*ore each sucleue in « perfeor sodium 
eryetal ie aso Bite of quble syumetry amt V,, would be 
sero. dowewer in reality vacancier anc impurities my 
ezier in che lettice of sodium. che vacancies and 
tmouxicies my creat ealecurico Meld prvdiensa at latcice 
sites adjacent to thaw. In thie way a none-sere velue a? 
Vygy FOULS be produee at certain sizes in the sodiun 
lettioes shun an @leetric quadrupole Interaction ¢owid 
take place «t thease aites. The eleetric Tleld gredfencsa in 
solide wary with cemperavure.  ilao the number of vacanaien 
ie a Sunerion of temperature. “herefore the Guedrupole 
interaction should de vemperetuye cepenient. “he external 
mapgnecie Meld does not appear in the quedrapole enercy 
semasy therefore the quadrupole interaction will be 
indepenient of the maaguitude of Be The conclusion is 
that the electric quadrupele inversetion does not 
contrfbuce to the lime width of solid sodiue einte “he 
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line width is obeerved to be independent of the temperature 
ani dependent on she external magmetic eld. 

ye effecue of skin depth will he considered. 
Chepuan"“ gt gi. have made 4 theoretionl analyaie of the 


ve ‘a ~' :-4 y | ] 
he Ge Cin pemem, is B, and &. ¥. Seymour 
ioe. ‘hy. soa. BZD, 345 (2957). : 


problem and verified their theory with experiment. They 
Pom tiet if the parciole size is larger then the skin 
depih, une ting shape may be diasrorced and the Line 
posizrion ehifrced due co a aixing off the aheorptive and 
Sispersive acdes. This effect is 6 Sunesion of parcicte 
eise, skin depuh, amd geomenrioal shape. “he sphere is 
1e88 Sencitive so che effecte of skin deyth than the fla: 
plate or ¢ylimier, which were the other shepea consider ved. 
Se Coanélueion of theixy svady is that ae long ea the 
relevans purticle dimension (in the present cape, the redius 
of the sodiun apheres) 14 smell conpered to the skin 
Aepsh, no effect on line shape or position is observable. 
Solium bas a akin depth of 65 wlovens at 3.4 40/s and 
35 mleorome a¢ 11.) ./s. The pertioles in the aodius 
‘ispersion are spheriesl] in shape ani have an average 
yediua of 3.5 wicrona. Therefore it is concluded that 
skin depts is nor iapertent in the abown soneiderations,. 
Another fessor involving skin deprh must be 
squsidered. ssrlier, it has been proposed that in the 
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wclven state there exists the possibility thar sodiva suo let 
near che surface of the particle relax adcormling to « tera 
Be 4 and vhose avay Trou the surface, aceording to Tos if 
the exiutence of thewe two terrae in the solid ia aduitred, 
it le pomsttie cha: attenuation of the yr? wagmetia C1eid 
fue to akin depth effecre makes Tay move important «+ 
11.3 xe/s than at 3.3 ao/s. If 2 wpherteal particle of 
redius x, is considered, it is found thet 8S: of the nuelet 
‘eatde in che suber shell between ri r/2 an rs ir. If 
a plane wave 18 nasaued, then to 4a ftret approcimerion 6 
ia weivoml by 3. at & penecration depth of r,/2 at 
22.9 sc/e and by 1. abt & penetration depth of rf@ av 
3.3 s/s. Uhevefore it Le very uniiiely thes skin effeens 
gould setouns “ay the diffexvence In line width observed in 
the solic at 353 -o/e amt 11.9 w/e in the sbowe way, 

°° aQhlua poses an anisotropic inight ahift, 
then <ale could aecount Cor the dependence of line width 
on B+ if this broadening wechaniaa te present, then the 
1) spnorption lines 


2 


absorvitiion line should be seyweetryic. 


en both 3.4 a0/6 at 11.9 wo/e at 39° ent ot 1%? C. were 


examined for esymaatrie chareeverintios. The peak aupli- 
swie of the absorption curve was taken as the center of 

the line: tuen the areas unter the cwwve on both sides of 
thie center were compered. At 11.9 s/s a elignt smyeaetry 
of the omtex of 4: was noted itn the absorption lines at 
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both 39° and 1957 C. At 3.3 Me/e, where the signal~so- 
nolee ratio is poorer, & lerger asyametry of the omer of 
1%: was nobel. If an anlaccropic Knight shifts ia caneing 
che asyueetry, the Asyuaesry should be greater the higher 
the exzernel 5,. This la conurery $6 what wes observed. 
Also at bork feequenctes, the area tivler chat hal? of the 
cue towar! the higher 5. waa eyeacer than the area under 
the worvwe toward the lower a. Just thet Wewerse would be 
she case if an anisotropic Knight shits vere causing the 
bromdening. This essentially eliminates an anisotropic 
Eniens ani’c cc the aechantam causing che (ielé -depentent 
vrostening « 

The uvolaar eping wey be incemacting wie the 
cumiuction electrons, The #lectran spin polerigation is 
Neild cepernmtents the polarization in¢reases with 
incressing «appited field. dYowever it ta independent of 
temperature ainge the conduction electrons behave es « 
degenerate “eral gee even at roo temperature. the 
broadening whieh ia cheerved ta both Meld depestent and 
temperatuxce iniependens, bur she details of such a 
mechanisn axe not understocd. 

Bloesbergen ant Rowland”?**3 paws scudied a systen 


| “34. Bicesbergen and {. J. rowland, Yhys. fev. 97, 
we7y (1y55). 


in whieh they d@llege that the ling width i determined 
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primarily by an exehange intveraesion anit peewlo-diipoler 
inveression between the nuclear sping. itey baw waasured 
the line widthe of the absorprion apectra of 3 and 
mi? in ewtallic thalliua. Because sodium and thallius 
differ in stoake wean, number of netumily coourring 
isonopes poussesing magnetic acuente, ani crystalline 
ehrae rie; aw would nos expect a direct correlation 
potween their absorption spectra. Yowrver there are 
serteis sialleriiies; so Sleesbergen's vreauita are beiefiy 
revieved hem. 

Shay Sound the ling width of both Jaotopes to be 
independent of rewperasure from 77° so 400° 2. Mle rules 
ats spin~lattice relaxation a@ a brosdening uechariens. 
ree line width of 1°" 49 33 xo/s) whereas the line vidth 
tun £9 pure dipole broadening woald be 5 ke/a. the line 
widsh at mF ia indepemient of the resonance frequency 
frou 5 40/8 to 16 m/e. However she line width of 1793 
¥ab sheerved to inerease from 17 ko/s at 5 o/s so 33 ke/s 
lv ae/s. The preceding date are for « sample containing a 
naturel abundance of Lacvopes. in tavestigation of 
entichwd samples showed the line width to be « funtion of 
ieotopie abuelance. 

Dlossbergen incserpreved the reselts in tex of an 
exchange inveraction berween a pair of nuslear spins waieh 
oxcecia the norm) dipole inverecsion in the eases where 
more than ont isotope van preaent in en appreciable amount. 


G6 
for the case where the abuedanee of ome isotope was over 
ot, the line width was eti11 sewera] tilaes broader than 
would he expected if the direst atpole~<tipole interaction 
were she #0le brostening agent. In thia case they appesled 
to an anisotropic Enight ahifs and the paaudo~dipolar 
interaction ae the broadening weechanious. She “Leld 
Aepandence of the line Width In 2°3 
axpigined. Se exchenge and peeudo-dipole interactions 


Van nO shetiuatoly 


are no. Mleld dependent and chere if no evidenge of an 
anisocropic inight ehift in sodiua. “herefora their 
result 40 nos help no expiein the Meld dependence of the 
Line widtu in solid eadiiua. 

Blosgmbergen ant lowland were surprimed chet they 
Wers unatle to detect o resonance in aetaliie thalifua 
abowe 157°C. te weloing point of cnsllium is 322° c, 
Shey concluded that the line was quite broad in she Liquid. 


CMAPTER VI 
SUANARY 


She eabsorpeion spectrum of na*3 in metallic aadiun 
was observed aa 4 fumesion of temperarure in the range 32° 
ie, 129° Ge by meena of a Righ rekolution MMI spectrouter. 
The observed melting point was 99° C. the spectrum vas 
investipated et two resonance frequencies: 3.3 c/s and 
11.9 s/s. The relexetion times 1, ant 7, of Wa? vere 
weewrured by the spin-echo technique under the same 
condi ti onn< 

ht bovk vesonance frequencies the absorption 
#3 contigvet of a single resonante line with 
no observable fine structure. The width o* the line was 
observed to inorense upon melting. The ling width of 
liguic sodium was observed to te inispenten: of the 
resmance frequeney for the two frequencies investi pated; 
the line width of solid sodius was Pound to be broader at 


spectrum of Na 


the higher resonange Prequency. < decreame in v upon 
whiting was observeds however no discontinuity in ty at the 
welting point wat obserwed. The “requency dependences of TN 
in #0144 sodium was hardly observable. In this case 
computing “ Crom line width date obtained from a high 

GF 


resolution spmetroumter proved to be sore preeiee than 
mecsuring <, directly by pulse techniques. 

aeveral explanations of the ancms lous bramening of 
tim sodiius resmeante line vuycn eplting were expisred; 
ROweve? no completely satiefactory explanation was found. 
‘he iknow aecheniames which wy sceount for the frequency 
Sependence of the line width in solid soiiuma wre 
comsidered. No explanation was found, the frequendy 
depemionce vay be due to an indirees intereanion of the 
nuglel via she somiuation electrons) however the details 
of how this wy take place are not unieratood. 

The coexistence of the aolid and liquid resonance 
lines of aoiius at the aelting point was observed at both 
303 sic/e and 11.9 de/s. At 3.3 Ho/s the separation 
besv¥een the centers of the liquid ant solid iines is 
4.38% gaues in an external field of 292; gauss. che 
seperation of sha two Mines ac 11.) so/e is obserwed to 
be 3.259 pauses in an external field of 9752 gauss. At 
both frequencies the liquid line appeared at the lower 
extermal magnetic Meld. 

"ne absorption spectra of two isotopes of 
rubi¢d tun, nb ard wpe in maetallie rubidiusa were 
inveatizated over the temperesure range 39° co 44° c, 
Hubidiua was observed to melt at 39.5° C. No change in 
line width upon melting was observed in the ease of mo7, 
however the signal-to-noise ratio wal poor, so a maall 
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change sould have been ohecured. The ms line wan 
observed ta becom narrower upon melting. Howewer the line 
width is determined wainly by spin~lattice relaxation 
processes for both isotopes. Therefore any enoum lous 
behavior in the resonance line is largely obseured by she 
overvhe lating inflnendce of ty proses#es,. Thus no 
com lutions relevant to the anomeloun behavior of sodium 
can be mode from the rubidium line width date. 

the liquid and eolid resonance lines of nye? were 
obmervtc while they coexieted at the melting point. “he 
centers of che lines were oheerved to be seperated by 
3.9 gauge in an external fleld of 7o75 pauge. “he liquid 
line appecred eat the lower field Sox the conatant 
frequency 3.3 ot/s. 
| eVOYE] experinents are suppested Which wey 
provide sidictonal information about the behavior of the 
line width in solid ani liquid sodium. cost's work should 
he exteried co at leant another resonance frequency in an 
attempt to determine if Tes and Tons are ceaneed by a 
difterance in the magnetic susceptibilities of water and 
ailicon diositc. 4 determination of the coeffieient of 
eelf-<iffusion c? sodium In the liquid stere would be 
desirable to aid in explaining the anomalous broadening of 
she width of saifium when it melts. Experiments with 
sodium should be condueted at several other resonance 


T9 
frequencies to atudy further the frequency dependense of 
tha line width in solid sidiva. 

Abporption specie, on and <, im other metals 
should te investigated syatemationlly in oxder to try to 
find an explemeation for the behavior of the line width in 
todiusa. <4 measuxement of the line width of tal an 
watalife lithiua would be « gool material to begin with. 
doleonb and Norberg’ have elready wasured 1, ani wy in 
ia’, 
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